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STREAMFLOW ROUTING OPTIMIZATION (OPROUT)

USERS MANUAL

The Hydrologic Engineering Center

INTRODUCTION

1. ORIGIN OF PROGRAM

The computer program "Streamflow Routing Optimization" (OPROUT) was developed

at the Hydrologic Engineering Center (HEC) by Vernon R. Bonner. The program

consists of optimization routines developed originally by Dr. Anthony Slocum and

Ramesk Danekar of Anderson-Nichols & Company, Inc., as a portion of HEC contract,

"Evaluation of Streamflow Routing Techniques with Special Emphasis on Determining

Nonlinear Routing Criteria," October 1975, (Contract No. DACW05-75-C-0027). These

routines were linked with routing and plotting routines from the computer program

HEC-5, "Simulation of Flood Control and Conservation Systems," into one program,

OPROUT, which this manual describes.

2. PURPOSE OF PROGRAM

This program can be used to determine Modified Puls or Muskingui routing

criteria by optimizing parameters for a single reach using observed upstream and

downstream hydrographs for one to five events. The main advantage to the program

is that the user can develop routing criteria from several events by making one

computer program execution.



DESCRIPTION

3. TECHNICAL APPROACH

a. Modified Puls Routing Method. In this routing method, outflow is a

unique function of storage. The following relationships apply:

AS I - O
At(1

where

I = average inflow in the reach during time interval At

0 = average outflow from the reach during time interval At

AS = change in storage during time interval At

0 = 0 - 02
= 2 (2)

where 01 and 02 = reach outflow at stat . and end of time interval,

respectively
S2 - SI

AS- 2 (3)

where Sl and S2 = reach storage at start and end of time interval,

respectively

substituting (2) and (3) in (1) anid ;.earranging,

S2 0? Sl 0l--- +I

At 2 At 2 (4)

0Let SI = S + = storage inlication and At = 1 then,

SI2 =SI1 + I -. 0l (5)

equation (5) can be solved using a storage indication-outflow (SI vs 0)

relationship and knowing reach inflow.
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-an be seen from the described relationships, modified Puls routing requires

a storage-outflow relationship for the downstream end of the routing reach. The

relation indicates the amount of flow occurring at the downstream end of the reach

for a given amount of water stored in the reach between the upstream and downstream

ends.

Starting with the given information, an observed hydrograph at the upstream

end of the reach and an observed hydrograph at the downstream end of the reach,

the problem is associated with defining the proper storage-outflow relationship.

The proper relationship when used with modified Puls routing will generate a

routed hydrograph (observed upstream hydroyraph routed to the downstream end)

which is the same as would occur in the real river reach. If there were zero

local flows, the routed hydrograph would be equal to the observed downstream

hydrograph. In reality there will be local flow entering the reach during at

least part of the time period of the observed hydrographs. If this local flow

was gaged (all local flow coming from a gaged tributary), the local flow could

be subtracted from the downstream observed hydrograph. The result would provide

the upstream routed hydrograph. Unfortunately, in the majority of cases, the

local flow is ungaged and not known. Jn this situation, the observed upstream

hydrograph can be routed to the downstream end and subtracted from the observed

downstream hydrograph to generate the local flow hydrograph. If the routed

hydrograph is reasonable, no negative local flows will be generated by this

procedure (i.e., for all time periods, the routed hydrograph is always less

than or equal to the downstream observed hydrograph). This fact is used to

form the objective function for the optimization routine. It is stated:
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dbjective Function - Minimize the Sum of Negative Local Flow in a given

routing reach by proper defintion of the storage-

outflow relationship and number of routing subreaches

using Modified Puls with upstream and downstream

observed hydrographs.

One form for the storage-outf'- relationship is as follows:

S = KOM (6)

where

S = total sotrage in the routing reach

0 = reach outflow

K, M = are constants which cause the function to represent the

storage-outflow relationship of the river reach under study

With this function a gradient search approach can be used to achieve the

stated objective function. Computationally, a beginning K and M are selected

from the observed hydrograph information (M = 1 and K equal travel time of

peak flow). The number of subreaches is set to one. A modified Puls routing

is performed based upon the selected S = KOM function. The routed hydrograph

is subtracted from the observed downstream hydrograph which determines the sum

of the negative local flow. Either K or M is changed following a gradient

search procedure and a new sum negative local flow ;s computed which can be

compared to the last value. This procedure is continued until the objective

function can no longer be improved. The number of routing subreaches is

incremented by one and the gradient search procedure is continued. The result

provides the optimum K, M and number of subreaches for the given routing reach

with the given observed hydrograph. The selected exponent usually is in the
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following range:

0.6 < M < 0.8

and the number of subreaches usually equals 2.

A curve warping routine was written to overcome the computational difficulty

and the inflexibility of using only S = KOM to represent storage-outflow. This

routine is very simple and surprisingly effective.

The optimization routine still begins with a macro gradient search S = KOM

to obtain a beginning storage-outflow function which is reasonable. Then the

curve warping routine is called. The computed storage-outflow relationship is

divided into 17 piece-wise linear segments (this is also used in other HEC

programs using modified Puls). This forms a table of storage versus outflow

for equally spaced flow segments starting at zero and ending at the peak flow

of the observed downstream hydrograph. The number of segments can be input

by the user up to a maximum of 18 segments.

The curve warping routine works in the following manner. One cycle consists

of testing each point in the storage-outflow table beginning with the lowest

point above zero. The flow is held constant and the storage is stepped up,

down or not changed depending if the objective function is improved. Storage is

never stepped greater than the value for the next higher point in the table or

less than the next lower point in the table to keep the function single valued.

If an improvement was made during the last cycle, a new cycle is performed. This

is continued until no more improvement can be obtained. The step size is reduced

and the process is repeated. When no more improvement can be be made, the number

of subreaches is incremented by one and the curve warp routine is recalled.

The final result provides the optimum number of subreaches and the storage-

outflow function. The several additional degress of freedom in this function

enable a solution which works well for all magnitudes of flood events within

those used to derive the storage-outflow relationship.
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The program also employs an optional curve fit routine for smoothing the

developed storage-outflow function after the curve warping routine. The program

also incorporates several other components of the objective function described

previously to improve the reasonableness of the local flow hydrograph and to

force the routed hydrograph toward the recession side of the given, observed

downstream hydrograph. The total routing objective function is defined as follows;

MINIMIZE SUMNL = SUM (SUMI + SUM2 + SUM3) (7)

where the three components are defined as,

1) For all time periods,

SUMI = SUM (negative local flows) * WTI

2) For the recession limb of the routed hydrograph defined as from

85% of the routed hydrograph peak discharge to 15% of the

observed downstream hydrograph peak discharge, and where the

routed flow is less than 95% of the observed downstream flow

(indicating how early this portion of the routed hydrograph is),

SUM2 = SUM (routed hydrograph minus observed downstream

hydrograph) * WT2

and 3) For all time periods following the peak discharge of the

routed hydrograph (indicating how late this portion of the

routed hydrograph is),

SUM3 = SUM (negative local flows) * WT3

Weighting of the individual components of the objective function (WTI, WT2 and

WT3) can be input by the user on the ,T card as described in Exhibit 2, Input

Description. One or both of the second (SUM2) and the third (SUM3) can be

eliminated by default values of zero for WT2 and/or WT3 thereby changing the

basis of the objective function. The program output lists the value (error)
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of each of the three components aid the total (SUM1, SUM2, SUM3 and SUMNL) for

each iteration as NEG LOCAL, TOO EARLY, TOO LATE and TOTAL, respectively.

b. Muskingum Routing Method. In this method, outflow from a routing reach

is a linear function of the sum of prism and wedge storage in the reach. The

basic routing equation is:

0n CIIn + C21 n- + C31n- 2 . . (8)

where:

On = Ordinate of outflow hydrograph at time n

In II n l, etc. = Ordinates of inflow hydrograph at times n, n-l, etc.

C1, C2, etc. = Routing coefficients, as coefficients of inflow

Equations used to determine the coefficients C, C2, etc., are as follows:

Cl = (At - 2XK) / (2 K(I-X) + At) (9)

CC = ((2K(I-X) + At) - 2At)/(2K(l-X) + At) (10)

C2 = C1 * CC + (At + 2KX) / (2K(l-X) + At) (11)

Ci = C i l * CC for i > 2 (12)

where

At = Routing time increment

K = Muskingum routing parameter having units of time

X = Muskingum dimensionless routing parameter between 0 and .5

The program has the capability of optimizing Muskingum routing coeffici -

using the same techniques and search procedures as described for the modified Puls

method. The M in equation (6) is equal to 1 for the linear Muskingum method and

the same objective function is used to optimize Muskingum routing constants and

K and X.
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From the above rela',ionships it can be seen that the following relationship

between K for each subreach and At must be true to avoid negative coefficients.

1 ,K <1 

2(l-X) At 2X

If a Muskingum routing optimization produces negative coefficients, the user

should increase the number of subreaches, thereby reducing K, so that the above

limits are met. The method For defining the number of subreaches (RT.3, 3rd

field of the RT Card) is described under paragraph 4, Program Capabilities and

illustrated in Exhibit 1.

8



4. PROGRAM CAPABILITIES

The program will provide solutions to the following problems:

a. Determine Muskingum K and X and the number of routing subreaches for a

single reach with up to five setr of given upstream and downstream observed

hydrographs. Each hydrograph set is given equal weight in the optimization

objective function.

b. Determine Modified Puls storage-outflow relationship and number of

routing subreaches for a given reach with up to five multiple sets of given

upstream and downstream observed hydrographs.

c. Determine routing criteria for a given number of subreaches in either

cases a or b above.

d. Determine the storage-outflow curve, as in case b above, with a given

coefficient X (Working R&D routing) or an additional lag of the routed hydrograph.

Under any of the above ortions, a complete trace feature is available to

monitor the progress of the optimization computations. This feature is written

in the same manner as exists in HEC-5; therefore, a source listing is required

to interpret results.

The program can be used to solve the more difficult problem when two or more

upstream gages and routing reaches flow to a common downstream gage. This

currently cannot be solved automatically by the program; however, the user can

develop routing criteria for this situation by multiple executions of the current

program. In most cases, one upstream gage will have the dominant flow. The

optimization routine can be operated using the dominant upstream gage as

the observed upstream hydrograph and the given observed downstream hydrograph.

The resulting local flow hydrograph which is computed by the Optimization Routine

can be used as the observed downstream hydrograph in conjunction with the next

largest upstream gage flow which becomes the observed upstream hydrograph.
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This process is repeated until routing criteria is defined for all routing reaches.

In most cases, some user smoothing of the local flow hydrographs will be required

(while maintdining consistent volume) and a second iteration will be required

beginning with the dominant upstream gage. The problem is difficult to solve

due to the many additional degress of freedom. For each additional routing

reach, two basic unknowns are added, routing criteria and local flow; whereas,

only one known is added, upstream observed hydrograph.

During the performance of the optimization routine, a printer plot can be

requested (5th field of Jl card) which will plot the upstream observed hydrograph

(values entered on IN cards), downstream observed hydrograph (values entered on

IN cards), routed hydrograph (upstream hydrograph routed to downstream location

using routing criteria derived by optimization routine) and the computed local

flow hydrograph (difference between routed hydrograph and downstream observed

hydrograph). This provides a visual check on the results developed by the

optimization subroutine.

In addition, upon completion, the optimization routine prints the values for

the adopted storage-outflow relationship (table of storage versus flow) and the

optimum number of subreaches. The travel time indicator (inverse slope of

storage-outflow relationship) is also printed for each incremental linear segment

of the storage-outflow table and for the given point to the origin. The upstream

hydrograph is printed as read in addition to the routed hydrograph. Incremental

local flows are printed twice for each control point. The first is the computed

values without adjustment and the second is the adjusted values with all computed

negative values set to zero. The negative volume is proportioned to the

remaining positive values. Program capabilities are illustrated in Exhibit 1

Example Input and Output. A detailed description of the program input is

presented in Exhibit 2.
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EXHIBIT 1

EXAMPLE INPUT AND OUTPUT

Streamflow Routing Optimization (OPROUT)

The input and output for three examples are provided to illustrate the use

of selected program capabilities and options and to assist in verifying the

correct execution of the program. A brief description of each example is

provided below. Printer plots are requested for each of the examples.

a. Example 1 - To determine modified Puls storage-outflow relationship

and the number of routing subreaches for a single reach and from a single

flood event.

b. Example 2 - To determins modified Puls storage-outflow relationship

and the number of routing subreaches using three flood events. (Jl.7)

c. Example 3 - To determine Muskingum K and X for one flood event and a

user specified number of routing subreaches. (RT.3)



Exhibit 1
Example 1
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EXAMPLE 1 INPUT

TIEXAMPLE 1 MODIFIED PULS ROUTING OPTIMIZATION
T2 SCIOTO RIVER CHILLICOTHE TO HIGBY OHIO
T3 SINGLE EVENT - JANUARY 1959
J1 100 3 0 0 1 0 0 0 1 1
ID CHILLICOTHE TO HIGBY - JAN 1959
RT 2 3 .5 0 0 0 6 3 3 0
IN 2 JAN59
QO 3160 3093 3025 2940 3020 3207 3800 4660 5650 7203
QO 8395 9653 11400 13300 15200 17075 18600 20150 21700 23575
QO 25800 31250 42800 64650 99900 126000 140000 143000 138000 130500
QO120500 110500 103000 94300 85500 76950 69000 63100 57200 52350
QO 47500 43950 40400 37300 34200 31750 29300 27550 25800 24450
QO 23100 22000 20900 19950 19000 18300 17600 17150 16700 16500
QO 16300 16225 16150 16075 16000 15900 15800 15650 15500 15300
QO 15100 14800 14500 14125 13750 13375 13000 12725 12450 12175
QO 11900 11600 11300 11000 10750 10500 10250 10000 9750 9500
QO 9250 9000 8750 8500 8250 8000 7750 7500 7250 7000
IN 3 JAN59
QO 4580 4449 4317 4277 4420 5850 7635 9595 11800 14500
QO 17750 21450 25200 28125 31550 35000 37900 39580 41450 42975
QO 44700 47050 49400 53300 59400 74850 97350 121000 143000 156500
QO160000 157000 149000 138000 127000 115000 103000 93200 83400 76850
QO 70300 64950 59600 55550 51500 47750 44000 40750 37500 34950
QO 32400 29850 27300 26000 24700 23400 22100 21300 20500 20000
QO 19500 19200 19025 18912 18800 18300 18300 18300 18300 18300
QO 18300 18300 18300 15700 15700 15700 15700 15700 15700 15700
QO 15700 13100 13100 13100 13100 13100 13100 13100 13100 11200
QO 11200 11200 11200 11200 11200 11200 11200 8600 8600 8600
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EXAMPLE 1 OUTPUT
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EXAMPLE 2 INPUT

TIEXAMPLE 2 MODIFIED PULS ROUTING OPTIMIZATION
T2 SCIOTO RIVER CHILLICOTHE TO HIGBY OHIO
T3 THREE EVENTS - MAR 1964, FEB 1959, JAN 1959
J1 100 3 0 0 1 0 3 0 1 1
ID CHILLICOTHE TO HIGBY - 3 EVENTS
RT 2 3 .5 0 0 0 6 3 3 0
IN 2 MAR64
QO 333 330 400 500 500 550 750 1250 2250 4000
QO 6500 9000 11500 13000 14000 14500 15000 15500 15750 16000
QO 16500 16750 17000 17000 17000 17000 17000 16800 17000 17000
AO 17000 17000 16700 16250 15500 15000 14000 13250 12000 11200
Q. 10500 10200 10500 11700 14200 17000 19500 21500 23700 26500
Q0 30000 34000 40000 45500 50000 53000 55200 58300 61500 65000
Q0 68500 70750 71600 71500 70600 69000 66000 62500 59000 55500
Q0 51750 48000 45200 42000 39500 37000 33750 30750 28500 26000
Q0 22600 22100 23000 22500 21500 20750 20000 19500 19000 18750
QO 18500 18000 17500 17000 16500 16250 16000 16000 16000 16000
IN 3 MAR64
QO 628 633 637 993 1350 3787 6225 8663 11100 15350
O 19600 22450 25300 27600 29900 31150 32400 31700 31000 30300

Q0 29600 28900 28200 27500 26800 26300 25800 25300 24800 24275
Q0 23750 23225 22700 21850 21000 20150 19300 18375 17450 16252
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EXAMPLE 3 INPUT

TIEXAMPLE 3 MUSKINGUM ROUTING OPTIMIZATION USER SPECIFIED NO. OF SUBREACHES
T2 SCIOTO RIVER CHILLICOTHE TO HI(. Y OHIO
T3 SINGLE EVENT - JANUARY 1959
J1 100 3 0 0 1 0 0 0 1 1

ID CHILLICOTHE TO HIGBY - JAN 1959
RT 2 3 3.6 0 0 0 6 3 3 0

IN 2 JAN59
QO 3160 3093 3025 2940 3020 3207 3800 4660 5650 7203
QO 8395 9653 11400 13300 15200 17075 18600 20150 21700 23575
QO 25800 31250 42800 64650 99900 126000 140000 143000 138000 130500
Q0120500 110500 103000 94300 85500 76950 69000 63100 57200 52350
QO 47500 43950 40400 37300 34200 31750 29300 27550 25800 24450
00 23100 22000 20900 19950 19000 18300 17600 17150 16700 16500
QO 16300 16225 16150 16075 16000 15900 15800 15650 15500 15300
QO 15100 14800 14500 14125 13750 13375 13000 12725 12450 12175

QO 11900 11600 11300 11000 10750 10500 10250 10000 9750 9500
QO 9250 9000 8750 8500 8250 8000 7750 7500 7250 7000
IN 3 JAN59
00 4580 4449 4317 4277 4420 5850 7635 9595 11800 14500
QO 17750 21450 25200 28125 31550 35000 37900 39580 41450 42975
QO 44700 47050 49400 53300 59400 74850 97350 121000 143000 156500

QO160000 157000 149000 138000 127000 115000 103000 93200 83400 76850
QO 70300 64950 59600 55550 51500 47750 44000 40750 37500 34950
QO 32400 29850 27300 26000 24700 23400 22100 21300 20500 20000
QO 19500 19200 19025 18912 18800 18300 18300 18300 18300 18300
QO 18300 18300 18300 15700 15700 15700 15700 15700 15700 15700
QO 15700 13100 13100 13100 13100 13100 13100 13100 13100 11200
QO 11200 11200 11200 11200 11200 11200 11200 8600 8600 8600
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EXHIBIT 2

INPUT DESCRIPTION

Streamflow Routing Optimization (OPROUT)

To determine the optimization routing criteria using modified Puls or

Muskingum routing methods for a single reach, at least one set of observed

hydrographs are required for the upstream and downstream ends of the reach.

A maximum of five sets of observed hydrographs can be used to develop the

routing criteria. The observed upstream hydrograph must be input ahead of

the downstream hydrograph for each event. There is a date variable on the

input cards so that the starting date of each flood can be input with the

flow data.

If several floods are used to develop the routing criteria, all the flow

data must have the same number of periods. This means shorter events must

be extended with base flow values up to the number of periods of the longest

event. The added data should be included at the end of the actual flood and

the upstream values generally should be less than the downstream values.

The following INPUT DESCRIPTION provides a detailed description of data

input. Input format is the standard HEC ten fields of 8 columns each with

the first two card columns reserved for the card identification. Card ID

is not read by the program. Three title cards are used to provide labeling

information. The job card defines job options using integers (no decimal

points). The identification card provides a label for plots, and the routing

card provides the routing optimization information. The remaining cards contain

the flow data (upstream then downstream hydrograph).
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TI
T2
T3

INPUT DESCRIPTION J1

Streamflow Routing Optimization Program (OPROUT)

Tl, T2, T3 Cards - Title Cards

Job title cards; three cards required. Both alphabetic and numberic

information may be placed on these cards. Information on these cards will be

printed out as job title on the first page of output.

JI Card - Job Card - all integers

Field Variable Value Description

1 NPER + Number of values on each set of flow data

cards (IN). Each set of flow data must have

NPER Values (300 maximum).

2 IPER + Time interval (At) in hours between flow values.

3 INPUT 0 First input card for each flow set will have

control point number in field 1 and date in

field 2 and no other data. Subsequent cards

contain 10 fields of flow data.

5 Flow data will be in default HEC-5 format.

First two fields of first card are for control

point and date with flow data on the remaining

8 fields. Subsequent cards contain 10 fields

of flow data.
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JI

J1 Card - Continued

Field Variable Value Description

4 IPRNT 0 Output will be limited to Input Data, Optimization

Errors, and optimization results.

1 Same as above plus optimization trace.

15 Same as above plus routing trace.

20 Same as above plus detailed routing trace.

5 IPLOT 0 No hydrograph plot.

I Plot hydrograph for Inflow (Routed Downstream),

Observed flow downstream, Computed Local Flow,

and Inflow Upstream.

6 IPUNCH 0 No punch cards.

1 Punch computed local flow data.

7 NFLOOD 0 One flood event will be used to optimize routing

criteria.

+ Number of flood events (5 maximum) requires

upstream and downstream flow data for each event.

8 NPTSQ 0 Number of storage-outflow points to be derived

from optimization routing is equal to 9.

+ Number of storage-outflow points to be derived

(18 maximum). The more points used, the longer

the optimization time.

9 ICURV 0 No adjustments will be made to the storage-outflow

curve (UNSMOOTHED CURVE).
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J1

ID
RT

JI Card - Continued

Field Variable Value Description

+ A fourth order polynomial curve should be

fitted to the unsmoothed curve. The smooth

curve will then be used for computing local

flows.

10 IFLOW 0 Input flow data is average for the period.

1 Input flow data is end of period data.

Flow data will be averaged before routing.

ID Card - Identification Card for Reach

Field Variable Value Description

1- 5 CPT(K) + Title (alphanumeric) of routing reach in

columns 3-40. Title will be printed on

hydrograph plots.

6-10 Not used

RT Card - Routing Card

Field Variable Value Description

1 RTFR + Control point number of upstream end of routing

reach.

2 RTTO + Control point number of downstream end of

routing reach.

3 RTMD + Number of subreaches to the left of the

decimal and routing method to the right of

the decimal (.5 for modified Puls and .6 for

Muskingum). If subreaches are not given,

the number will be optimized.
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RT

RT Card - Continued

Field Variable Value Description

4 RTCOF 0 Muskingum routing coefficient "X" will be

optimized if Muskingum optimization is requested

(RT.3 = .6).

+ Coefficient X will not be optimized. The given

value will be used for Muskingum or modified Puls.

5 XMUSK 0 Travel time (Muskingum K) in hours will be

optimized if Muskingum optimization is requested.

6 LAG 0 No lag in addition to routing.

+ In addition to routing, lag outflow by the

number of periods shown.

7 WTI 0 Weighting of negative local flow equals one (1.0).

+ Weighting factor for negative local flow.

Use any number.

8 WT2 0 Weighting factor (penalty) for recession leg

being too early equals zero (0).

+ Weighting factor for recession leg being too

early. (Suggested value near 1.0.)

9 WT3 0 Weighting factor of error on recession leg of

hydrograph being too late equals zero (0).

+ Weighting factor for recession leg being too

late. Use in conjunction with WT2. (Suggested

value near 4.0.)

10 METRIC 0 English units.

+ Metric units.
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IN

IN Cards - Flow data for upstream and then downstream station.*

Field Variable Value Description

1 MM + Control point number for input hydrograph.

First hydrograph for the upstream location,

and then the downstream location.

2 DATE + Starting date of flow data for identification

only. Can be alphanumeric data.

3-10 QII + Flow data in cfs or m3/SEC if INPUT (Ji .3)

equals 5. Remaining data starts in field 1

of succeeding cards. (NPER values.)

or

1-10 QII + Flow data starts in field 1 of the second

card if INPUT (Jl.3) equals 0 (NPER values).

*Repeat IN cards for both control points. Two sets of flow data in turn for

each flood up to the number of floods prescribed (NFLOOD on J1.7).
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SUMMARY OF INPUT CARDS
STREAMFLOW ROUTING OPTIMIZATION PROGRAM (OPROUT)

IN MM DAT QI Q f I

Jl NPER IPER INPUT IPRNT IPLOT IPUNCH NFLOOD NPTSQ ICURV IFLOW

Ti Output title information, three cards require

*Include IN cards for inflow then outflow of reach for each flood event.


